**CAPSULE SUMMARY**: Immunoglobulins, including intravenous immunoglobulin and convalescent plasma, have potential uses and limitations in the treatment of COVID-19 infection.

1. Introduction {#s0005}
===============

The novel coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), poses an unprecedented challenge to clinicians and strain on the healthcare system due to its high rate of infectivity (R~o~) and mortality. Currently, there is no consensus on treatment algorithms for COVID-19, as the evidence available is not well controlled and largely anecdotal. Given rapid and catastrophic spread of COVID-19, there is an urgent need to explore pre-existing therapeutic options while novel therapies and vaccines are being developed. Intravenous immunoglobulin (IVIG) is a product derived from the plasma of thousands of donors used for treatment of primary and secondary immunodeficiencies, autoimmune/inflammatory conditions, neuroimmunologic disorders, and infection-related sequelae. IVIG provides passive immune protection against a broad range of pathogens. Hyperimmune globulin, in contrast, is derived from individuals with high antibody titers to specific pathogens and has been used successfully in the treatment of infections, such as cytomegalovirus and H1N1 influenza. Here, we review the mechanism and utility of IVIG and hyperimmune globulin in viral infections, and consider their usage in COVID-19 infection ([Table 1](#t0005){ref-type="table"} ).Table 1Comparison of Intravenous Immunoglobulin (IVIG) vs. Hyperimmune Sera.Table 1Intravenous immunoglobulin (IVIG)Hyperimmune seraPreparation-Pooled human plasma-Pooled human plasmaDonors-General population-Individuals seropositive for specific pathogen(s) with sufficient neutralizing antibody titer(s)Usage-Ig replacement in primary and secondary immunodeficiency-Immune modulation-Treatment of specific pathogen(s)Benefits-Provides widespread protection against common infections-Treatment of hyper-inflammatory states-Large donor pool-Commercial availability-Targeted therapy in specific infection(s), especially novel infections without herd immunityLimitations-Absent or variable specific neutralizing antibody titer(s) against novel pathogen(s)-Limited donor availability, must be previously exposed-Variable antibody titer among donors, limited timeframe for donation-May aggravate diseaseRationale for use in COVID-19-May provide immunomodulatory effect in hyperinflammation state (limited/inconclusive data)-Competitively bind Fcγ receptor to prevent antibody-dependent enhancement triggered by virus-antibody immune complexes^19^-Has demonstrated effectiveness in SARS and MERS corona virus infections^16,17,18^

2. Viral binding to host cells {#s0010}
==============================

The entry of SARS-CoV-2 into host cells is mediated by the transmembrane spike (S) glycoprotein that binds to the angiotensin converting enzyme 2 (ACE2) receptor, which is highly expressed on the apical surface of many cell types, including airway epithelial cells. The S protein forms a homotrimer that protrudes from the viral surface. Receptor binding is mediated by the S~1~ subunit through the receptor binding domain (RBD). After binding to the ACE2 receptor, proteolytic activation of the S~2~ subunit mediates the fusion between the viral and the cellular membranes \[[@bb0005]\]. Due to the essential role of S glycoprotein in cellular infection, antibodies that bind to S~1~ and S~2~ can prevent infection ([Fig. 1](#f0005){ref-type="fig"} ), as demonstrated in cell cultures by incubating virus in the presence of neutralizing antibody and quantitating reduction in viral intracellular RNA levels \[[@bb0010]\]. A neutralizing antibody can stop viral replication by blocking receptor binding, preventing wall fusion, or preventing uncoating of the virus once inside the cytoplasm.Fig. 1Proposed mechanisms of neutralizing antibodies and IVIG in COVID-19 infection.(a) Neutralizing antibodies prevent SARS-CoV2 spike protein from attaching to the ACE2 receptor, inhibiting viral entry into the cell. (b) Immune complexes consisting of viral antigens and anti-viral sub-neutralizing antibodies can activate Fcγ receptors on innate immune cells (e.g. macrophages) in the lung, triggering an exaggerated inflammatory response leading to acute lung injury via antibody dependent enhancement (ADE). Additionally, antibody-bound virus can be internalized through Fcγ receptors, enhancing viral replication. (c) Proposed mechanisms whereby IVIG exerts anti-inflammatory action include saturation of Fcγ receptor binding, anti-idiotypic binding to anti-viral antibodies, and binding of proinflammatory cytokines.Fig. 1

3. Humoral response in SARS-CoV, MERS-CoV and SARS-CoV-2 {#s0015}
========================================================

Analyses of patients infected with SARS-CoV has revealed seroconversion four days following disease onset in some individuals and the majority of patients seroconverted between two to three weeks of disease onset in patients infected with either SARS-CoV or Middle East Respiratory syndrome (MERS-CoV) \[[@bb0015],[@bb0020]\]. Weak or delayed antibody responses were associated with poor outcomes. Analysis of SARS-CoV convalescent human plasma revealed that SARS-neutralizing antibodies peaked at four months post recovery, but were undetectable in 16% of patients at 36 months. Evaluation of serum from MERS-CoV patients demonstrated that high antibody titers against MERS-CoV were only likely to be present in patients who had severe disease and those titers waned within six months following recovery. Mild or asymptomatic patients with MERS exhibited no serologic response \[[@bb0020]\]. These observations demonstrate the importance of verifying high antibody titers in potential convalescent serum donors. Some cross-reactivity was observed in five patients with confirmed SARS-CoV-2 infection with SARS-CoV in vitro, but not with other coronaviruses, suggesting that convalescent plasma used to treat SARS-CoV-2 will ideally be obtained from COVID-19 survivors.

Emerging studies have begun to characterize the antibody response seen in patients with COVID-19. To et al. evaluated serum antibody responses in 23 SARS-CoV-2 patients in Hong Kong. The majority of patients were positive for anti-RBD IgG 10 days after symptom onset and 100% of patients were positive for anti-RBD IgG 14 days following symptom onset. Severe disease was associated with earlier production and higher titer of anti-RBD IgG \[[@bb0025]\]. More recently, the kinetics of immune responses to SARS-CoV-2 infection were described in 285 patients with COVID-19. In this cohort, the median time required for the development of anti-viral IgG and IgM was 13 days after the start of symptoms, and all patients developed anti-viral IgG within 19 days \[[@bb0030]\]. While there was over a four-fold log difference found in the anti-viral IgG levels among patients, there was no correlation between anti-viral IgG levels and clinical outcome measures (lymphocyte numbers, C reactive protein levels, or duration of hospitalization) \[[@bb0030]\]. As neutralization activity of the anti-viral antibodies was not tested, variability in antibody effectiveness may have contributed to the lack of correlation between anti-viral IgG and clinical outcomes \[[@bb0030]\]. The use of seroconversion as a biomarker of acquired anti-viral immunity requires determination of the antibody levels indicative of prior infection \[[@bb0035], [@bb0040], [@bb0045], [@bb0050]\]. Serial antibody testing during the course of COVID-19 infection in 41 patients within this cohort revealed that 71% either seroconverted or demonstrated a four-fold increase in IgG-specific antibody titers, meeting the established criteria for serologic evidence of MERS-CoV infection \[[@bb0030]\]. As it is infeasible to test all individuals throughout the course of COVID-19, further evaluation of immune responses in asymptomatic, mild, and severe SARS-CoV-2-infected patients will be needed to quantify the levels and persistence of antibody titers that confer anti-viral immunity.

Recently, Quniti and colleagues in Italy have reported their experience with COVID-19 infection in seven patients with primary immunodeficiency, two with X-linked agammaglobulinemia and five with common variable immune deficiency (CVID), genetic diagnoses unknown (Article in Press, <https://doi.org/10.1016/j.jaci.2020.04.013>). All patients were maintained on IVIG. Interestingly, both agammaglobulinemia patients had mild disease of short duration. In contrast, all five CVID patient had more severe, prolonged COVID-19 infection with four patients requiring mechanical ventilation and one death. CVID patients were noted to have more comorbidities. Although the experience is quite limited, the milder course in the agammaglobulinemia patients suggests antibodies or B cells may aggravate COVID-19 infection. Alternatively, CVID is generally associated with more severe immune deficiency than X-linked agammaglobulinemia and variable B and T cell defects, suggesting a critical role for cellular immunity against COVID-19. As will be discussed below, the presence of anti-viral antibodies can be associated with exacerbation of disease.

4. Efficacy of IVIG in the treatment of viruses {#s0020}
===============================================

IVIG was first licensed in the United States in 1980 and is a highly effective therapy for the prevention of life-threatening infections in patients with primary and secondary immune deficiencies ([Table 1](#t0005){ref-type="table"}). IVIG has been used to treat chronic infections, such as parvovirus infection complicated by anemia. Presently, experience with the use of IVIG in the treatment of SARS-CoV-2 infection is very limited. The rationale for the use of IVIG in SARS-CoV-2 infection is modulation of inflammation. Several anti-inflammatory mechanisms of IVIG may lessen the inflammatory response in severe SARS-CoV-2 infection, including the presence autoreactive antibodies that bind cytokines or binding to the variable domains of other antibodies (anti-idiotypic antibodies)([Fig. 1](#f0005){ref-type="fig"}). Additionally, the presence of IgG dimers in IVIG may block activating FcγR on innate immune effector cells \[[@bb0055]\]([Fig. 1](#f0005){ref-type="fig"}). There is a case series on IVIG usage in three SARS-CoV-2 patients in China. All 3 patients were classified as severe, and all had lymphopenia with elevated inflammatory markers. The patients received IVIG at 0.3--0.4 g/kg/day for 5 days. They all had normalization of temperature within two days of treatment, and alleviation of respiratory symptoms within five days. Confounding factors include the concurrent usage of antivirals in two of the three patients and steroids in one patient, as well as the lack of case-matched control patients \[[@bb0060]\]. While the recovery of these patients is encouraging, it is important to consider the difficulty of performing adequately controlled studies in the early days of a deadly pandemic.

The use of IVIG has been reported in the treatment of other coronaviruses, including SARS-CoV. A systematic review of treatment effects in SARS patients, including IVIG or convalescent plasma, has been reported. Five studies of the use of IVIG or convalescent plasma given in addition to corticosteroids and ribavirin were evaluated. These studies were deemed inconclusive since the effects of IVIG or convalescent plasma could not be distinguished from other factors that included comorbidities, stage of illness, and the effect of other treatments \[[@bb0065]\]. In a single-center prospective study of SARS infection in Taiwan, IVIG was administered for leukopenia or thrombocytopenia, or if there was rapid progression of disease on radiography. A total of 40 patients received IVIG, of whom 22 had severe cytopenias, with one patient having evidence of hemophagocytic lymphohistiocytosis. The study suggests that IVIG led to significant improvement in leukocyte and platelet counts, but acknowledges that there was no control group to objectively evaluate responses \[[@bb0070]\]. A single center retrospective study in Singapore found that adult SARS patients treated with a regimen of pulse methylprednisolone (400 mg) and IVIG (0.4 mg/kg) daily for three consecutive days had an adjusted hazard ratio of 0.41 for mortality compared to the untreated group, with a trend towards earlier recovery. However, this finding was not statistically significant (95% CI 0.14--1.23; *P* = .11). Furthermore, this result was confounded by the concurrent use of steroids \[[@bb0075]\]. There are two case reports of IVIG used in MERS. One patient received IVIG with high-dose corticosteroids due to thrombocytopenia, with resulting improvement in platelet count. Similar to the previous study, there was concurrent steroid use and, moreover, the patient\'s overall clinical course is unknown \[[@bb0080]\]. Thus, the field lacks strong evidence to support the use of IVIG for the treatment of coronaviruses, such as SARS-CoV, SARS-CoV-2, and MERS.

5. Efficacy of hyperimmune globulin in the treatment of viruses {#s0025}
===============================================================

More robust evidence exists for the use of hyperimmune globulin in the treatment viral illnesses ([Table 1](#t0005){ref-type="table"}). A retrospective review revealed that convalescent plasma from SARS-CoV survivors administered to SARS-CoV patients with progressive disease resulted in significantly higher discharge rates at day 22 and lower mortality rates, compared to historical controls \[[@bb0085]\]. In 2009, a prospective cohort study on the effectiveness of convalescent plasma from H1N1 survivors with a titer of ≥1:160 offered to ICU patients with severe H1N1 infection was undertaken. Patients that refused convalescent plasma infusions were controls. Twenty of the 93 patients received convalescent sera. Treatment with convalescent plasma led to significantly reduced respiratory viral load, serum cytokine levels (IL-6, IL-10, TNFα), and mortality \[[@bb0090]\]. One study compared the effectiveness of hyperimmune globulin from convalescent plasma from H1N1 survivors versus IVIG in H1N1 patients in an ICU on respiratory support and receiving oseltamivir. This study was a prospective, double blind, randomized controlled study which demonstrated reduced a viral load and increased survival in the group receiving hyperimmune globulin. This study demonstrated the superiority of hyperimmune globulin over IVIG in treatment of severe H1N1 infection \[[@bb0095]\].

6. Pitfalls in the development of anti-viral antibodies {#s0030}
=======================================================

While antibodies against coronaviruses, including SARS-CoV, MERS-CoV and SARS-CoV-2 play an important role in host defense against these infections, there is concern that antibodies can trigger a harmful, exaggerated inflammatory response in a process termed antibody-dependent enhancement (ADE) ([Fig. 1](#f0005){ref-type="fig"}). Previously, ADE has been proposed as an underlying pathogenic mechanism in Dengue hemorrhagic fever. Pre-existing, subneutralizing antibodies form immune complexes with virus which bind to FcγR-bearing cells, leading to increased viral uptake and replication \[[@bb0100]\]. Similarly, antibodies against the S protein of a coronavirus may facilitate entry into host cells, likely through the FcγR, resulting in increased viral loads. Wan et al. demonstrated that a monoclonal antibody (mAb) against MERS-CoV can bind viral S protein, inducing a conformational change that promotes proteolytic activation of the S protein and viral entry. Further, the mAb was also able to mediate viral entry through uptake by FcγR \[[@bb0105]\]. Recently, animal models evaluating SARS-CoV infection in macaques has demonstrated that antibodies against the S protein can activate FcγR in M2 macrophages in the lung, triggering an exaggerated inflammatory response with the release of large quantities of IL-6 and IL-8, recruitment of inflammatory cells to the lung, leading to acute lung injury (ALI), diffuse alveolar damage (DAD) and death \[[@bb0110]\]. This model recapitulates the lung damage observed in lung tissue of deceased SARS-infected patients. In fact, plasma derived from these patients has been shown to trigger release of pro-inflammatory cytokines from macrophages. This process was blocked using anti-FcγR antibodies, implicating this FcγR-mediated pathway in ALI and DAD. Plasma that elicit ADE-induced inflammation was found to be present in patients with earlier onset of production of SARS-CoV IgG and more severe clinical courses.

7. Potential strategies and future studies needed {#s0035}
=================================================

The COVID-19 pandemic represents one of the most widespread infectious challenges in recent times. As of the time of this publication, COVID-19 is responsible for greater than 250,000 deaths worldwide and the count continues to increase on a daily basis. The search for effective antiviral therapies and treatment is ongoing. Vaccine development is progressing at a rapid pace, but widespread vaccine availability is estimated to be at least one year away. There is an urgent need for effective interventions presently. Performing a randomized controlled trial with a placebo arm in the midst of a deadly pandemic is extremely challenging. Until herd immunity develops against SARS-CoV-2, preferably by means of effective vaccines, the global population will remain at risk. Past experience has demonstrated that vaccine development needs to be performed cautiously to avoid potential exacerbation of disease (i.e. ADE). Use of hyperimmune globulin has demonstrated clear effectiveness in the treatment of influenza and SARS-CoV. However, plasma must be collected and processed from convalescent patients and verified to have adequate titers. Based upon experience with SARS-CoV, plasma should ideally be collected from patients with a milder course of illness without symptoms consistent with ADE (i.e. respiratory distress). Although data for the use of IVIG in SARS and MERS infection is weak, high dose IVIG may be helpful in severe SARS-CoV-2 infection through immune modulation, saturating FcγR and reducing ADE ([Fig. 1](#f0005){ref-type="fig"}). Clearly, the use of immunoglobulins in the treatment of COVID-19 is effective, but not without potential adverse consequence ([Table 1](#t0005){ref-type="table"}). Clear demonstration of therapeutic benefit will require well controlled studies.
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